Blockade of the vasopressin-2 receptor (V2R) in the kidney has recently emerged as a promising therapeutic strategy in autosomal dominant polycystic kidney disease. The pathophysiologic basis of V2R-dependent cyst proliferation and disease progression, however, is not fully understood. Recent evidence suggests that polycystic kidney disease is characterized by defects in urinary concentrating mechanisms and subsequent deregulation of vasopressin excretion by the neurohypophysis. On the cellular level, several recent studies revealed unexpected crosstalk of signaling pathways downstream of V2R activation in the kidney epithelium. This review summarizes some of the unexpected roles of V2R signaling and suggests that vasopressin signaling itself may contribute crucially to loss of polarity and enhanced proliferation in cystic kidney epithelium.
Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common hereditary diseases of the kidney and a leading cause of ESRD. The past two decades have witnessed breakthrough discoveries in ADPKD research and provided a new and profound insight into the pathogenesis of this important chronic disorder. However, therapeutic strategies that halt or slow down disease progression are still lacking. Previously, pharmacological antagonism of the vasopressin-2 receptor (V2R) emerged as the most promising way to treat ADPKD. 1, 2 An earlier landmark study by Gattone et al. 3 showed that V2R blockade was effective to reduce volume and cyst growth in polycystic kidneys in various polycystic kidney rodent models. These results prompted a number of pilot studies using both water loading and pharmacological inhibition of V2R in ADPKD patients 1, 4 and initiated a controlled, randomized trial testing tolvaptan, a competitive antagonist of V2R, for the treatment of ADPKD (TEMPO 3:4 trial). This large randomized, controlled trial confirmed earlier experimental studies and showed that tolvaptan can slow down disease progression in humans. 5 Thus, the blockade of V2R is emerging as one of the few treatment options for ADPKD after inconclusive results obtained in studies using mammalian target of rapamycin inhibitors. 6, 7 It has to be stressed that, although the results of the TEMPO trial are highly encouraging, tolvaptan cannot be considered as an option for all patients, and it is not the ultimate solution for the treatment of ADPKD. First, the treatment comes at the price of considerable polyuria and polydipsia, which are not unexpected from a drug that blocks vasopressin action. In fact, about 20% of the patients enrolled in the TEMPO trial actually stopped the treatment because of the limiting side effects. Second, it is not clear how long the treatment should be prescribed and which subgroups of patients would benefit the most. In the landmark TEMPO trial, only patients with CKD stages 1-3 were included in the study. Most, if not all, of the patients had severe disease with grossly enlarged kidneys and considerable hypertension. It is important to stress that eGFR may not provide an ideal measure to monitor severity in the early years of presentation, because ADPKD patients develop an early hyperfiltration status mimicking near-normal eGFR; additionally, much of renal function was lost.
The effect of tolvaptan on eGFR was quite moderate. However, the reduced decrease of the eGFR was highly significant compared with the placebo group, although high-(i.e., with a high decrease of the GFR) and low-risk patients were lumped together in the analysis. Moreover, the blockade of V2R reduced the rate of kidney volume increase by approximately 50% in subjects with high and low GFRs. Of note is that cyst growth was only prevented in the kidney and not the liver, indicating the V2R-specific effect of the drug. Thus, it is expected that a better understanding of the V2R signaling pathways in cyst-lining epithelium may well provide additional innovative treatment options that may ultimately come to the clinic.
The effect of vasopressin V2R signaling on the tubular system in healthy subjects and ADPKD patients is still not entirely understood. Recent studies using system-wide perturbation, classic physiologic approaches, and state of the art molecular biology have provided important insight into unanticipated signaling pathways perturbed by V2R activation. Some of these signaling pathways expand the picture of the classic role of vasopressin mediating tubular water reabsorption through cAMP levels; in fact, vasopressin may regulate by far more general cellular functions (Figure 1 ). These findings may open avenues for future translational research that is guided by clinical observations and respects findings from basic science.
PATHOPHYSIOLOGY OF OSMOREGULATION IN ADPKD
The altered regulation of vasopressin serum levels in ADPKD was reanalyzed in a number of recent studies. [8] [9] [10] [11] One key advance in the past 5 years was the development of more robust and reliable assays to measure and estimate concentration of vasopressin in the serum. 12 Copeptin, a 39-amino acid glycopeptide comprising the C terminus of the vasopressin precursor (preprovasopressin), is cosecreted with vasopressin by the neurohypophysis, which is somewhat comparable with cosecretion of the C peptide and insulin by the pancreas. 12, 13 The copeptin assay circumvents shortcomings of vasopressin assays, such as low stability in serum, and shows significant correlation with vasopressin in a variety of physiologic and pathologic conditions, although its pharmacokinetics are dependent on the GFR. Indeed, serum concentrations of copeptin (and also vasopressin) correlated positively with both serum osmolality as well as total kidney size in a total of 102 ADPKD patients. 8 Moreover, there was a negative correlation with GFR and effective renal blood flow (both measured with the 125 I-iothalamate/ 131 I-hippuran method), and a consistent correlation of copeptin levels with serum osmolality was also found. 8 Most intriguingly, a recent study showed that copeptin is a candidate prognostic marker for subsequent decline of renal functions as well as need for RRT in ADPKD patients. 10 Based on the data available to date, there are two major reasons for the deregulation of the neurohypophysiskidney axis. First, changes in kidney architecture or even preceding changes in cell polarity may cause a urinary concentration deficit with subsequently elevated plasma osmolalities. Already in the 1960s, a urinary concentration deficit in the disease was observed. 14 Moreover, it is well known that, in the pediatric cystic kidney disease nephronophthisis, a urine concentration deficit is usually among the first clinical symptoms. 15 In ADPKD, however, it is important to distinguish an early and rather mild urinary concentration deficit from the severe urinary concentration deficit associated with many forms of ESRD in the late course of the disease. In fact, as shown by Zittema et al. 11 and Gabow et al. 16 in large patient cohorts, maximal urine concentration capacities (maximal urine osmolality after overnight thirsting) are reduced but remain well above serum osmolality. In addition, Zittema et al. 11 showed that patients carrying a polycystic kidney disease 1 (PKD1) mutation have early urine concentration deficits and increased vasopressin/copeptin levels. 11 Second, the deregulation of the neurohypophysiskidney axis could be an altered central release of vasopressin, because a syndrome of inappropriate antidiuretic hormone secretion-like phenotype was observed in PKD1 haploinsufficient rodents, which was shown by Ahrabi et al. 17 Importantly, these mice were able to reabsorb abnormally high amounts of water, thereby supporting the idea of a nontubular basis of the urinary concentration deficit. 17 In addition, a recent clinical study suggested that both components (i.e., an increased vasopressin secretion as well as an early urinary concentration deficit) are already present in children carrying the PKD mutation when compared with agematched controls. 18 Most importantly, the urine concentration deficit did not depend on kidney size or cyst number. However, these data have to be carefully evaluated given the fact that cysts may not be detectable using ultrasound with lower resolution compared with magnetic resonance imaging. It is conceivable that very small cysts beyond resolution limits may disrupt the architecture of the inner medulla and thus, interfere with the generation of the countercurrent multiplier system responsible for urinary concentration. Taken together, a strong body of evidence has been provided that shows that there is a pathologically hyperactive vasopressin/ vasopressin receptor system in patients with ADPKD.
CANONICAL V2R-DEPENDENT SIGNALING PATHWAY THROUGH CAMP AND PROTEIN KINASE A
In the human kidney tubule, the V2R is expressed in at least three different segments. V2Rs are predominantly found in the collecting duct. 19 In addition, these receptors are also expressed and functional in the medullary thick ascending limb (mTAL) of the loop of Henle as well as the distal convoluted tubule with species-and sex-specific distribution patterns. [20] [21] [22] The canonical V2R-dependent signaling pathway and its major role in water reabsorption in the renal collecting duct were revealed after the breakthrough cloning of aquaporin (AQP). 23 Here, Neilsen et al. 23 predominantly used native tissues or relied on ex vivo tubular preparations or in vivo stimulation in Brattleboro rats that lack endogenous arginine vasopressin (AVP) production by the neurohypophysis. Subsequent in vitro studies analyzing V2R function also used immortalized tubular cell culture models in which V2Rs are expressed 24, 25 or primary cultured rat inner medullary collecting duct (IMCD) cells. [26] [27] [28] The canonical V2R signaling pathway involves activation of a stimulatory G protein followed by activation of adenylate cyclase 6 and the generation of the secondary messenger cAMP. cAMP drives the activation of protein kinase A (PKA), which results in the phosphorylation of several intracellular targets, including the water channel AQP2 at S256 and the transcription factor cAMP response element-binding protein. These events seem to be crucial for transcription and phosphorylation-dependent trafficking of the water channel AQP2, a prerequisite for water reabsorption and urine concentration in the collecting duct system. 29, 30 Interestingly, a recent study has been found that additional basophilic kinases, such as Calmodulin-dependent kinase 2, may be involved in activation of cAMP response element-binding protein and the water channel AQP2; in fact, these basophilic kinases may even have a more prominent role in regulating these physiologic processes. 31 The generation of cAMP by V2R activation is generally believed to also be a key driving force of renal epithelial cell proliferation. 9 Elevated cAMP levels are found in a variety of proliferating tissues, even without detectable G proteincoupled receptor activation. In metanephric embryonic kidney cultures, cAMP is able to induce massive cyst development. 32 V2R-generated cAMP levels seem to peak early after short-term incubation with vasopressin, and both cell-and tissue-dependent differences of the impact of increased cAMP levels in response to long-term stimulation were reported. 33, 34 In fact, a diminished cAMP response compared with acute stimulation is at least partially attributed to the internalization of the V2R in response to prolonged AVP stimulation. Recent studies showed that cAMP levels remain elevated in response to the synthetic V2R-specific AVP analog dDAVP (Desmopressin) in cultured collecting duct cells 34 and that this process activated the guanine exchange protein directly activated by cAMP. Exchange protein directly activated by cAMP can activate the mitogen-activated protein kinase (MAPK) extracellular signalregulated kinase (ERK) in a cAMPdependent manner in collecting duct cells. 35 However, the physiologic response to vasopressin seems to be a decrease of MAPK activity.
Moreover, increased levels of cAMP result in the activation of a number of epithelial transporters that may contribute to secretion of fluids into the cysts in ADPKD. 36 Interestingly, cyst secretion preferably occurs in conjunction with nucleotides, such as ATP. 37 Elegant studies showed that these nucleotides are released in response to physiologic concentrations of AVP in the cortical and inner medullary collecting ducts at very high local concentrations of up to 0.3 mM. 38 In cultured cells, vasopressininduced cAMP formation increases chloride secretion as well as sodium excretion through various transporters and channels. 39 The pathophysiology of regulation of secretion of fluids and electrolytes into the cyst lumen has been reviewed in detail elsewhere. 36 However, cAMP-dependent regulation of transport activity of other segments of the nephron, such as the mTAL of the Henle loop, are not well studied in ADPKD, although mTAL is volumetrically the predominant structure in the outer medulla. [40] [41] [42] V2R activation may lead to a significant increase in activity or abundance of the active sodium transporters, the apical membrane type 3 Na + /H + exchanger and Na + :K + :2Cl 2 cotransporter cotransporter in vivo. 40, 42 These transporters are crucially involved in maintaining corticomedullary osmolality gradient as well as urine concentration. Consequently, alterations in osmolality again are expected to modulate various stress kinase pathways in the cells that, therefore, may directly regulate the proliferative tone of kidney cells. This connection has not yet been studied in greater detail.
V2R-MEDIATED CALCIUM/ CALMODULIN-DEPENDENT KINASE SIGNALING
Recent exciting evidence suggests that additional pathways may contribute to the pathogenic role of V2R in ADPKD. A quantitative phosphoproteomic analysis using stable isotope labeling by amino acids in mpk cortical collecting duct (mpkCCD) cells showed that vasopressin significantly induces phosphorylation of multiple phosphorylation sites in various proteins. 43 Interestingly, bioinformatic analyses of the amino acid sequence surrounding these residues revealed that about 70% of all phosphopeptides increased by vasopressin treatment contained arginine or lysine residues at the -3 position 43 -a finding that is consistent with phosphorylation by basophilic kinases, including PKA. Basophilic kinases are kinases of the AGC family, such as PKA, protein kinase G, and protein kinase C, as well as calmodulin-dependent kinases. In fact, the study confirmed the important role of PKA in the cellular responses to vasopressin stimulation. In addition to PKA, calmodulin-dependent kinases are activated through V2R, which may cause important additional signaling activities. Calcium/calmodulindependent signaling is triggered by vasopressin through the release of intracellular calcium by ryanodine receptors. 44 Vasopressin-dependent calcium changes follow a distinct oscillative pattern. 45 Calmodulin activation leads to myosin light chain kinase activation subsequent to phosphorylation of myosin light chain at T8/T9. 46 This process is involved in cytoskeletal reorganization connecting the V2R response with cytoskeletal regulation. 46 In addition, analysis of the vasopressin V2R-dependent phosphoproteomic changes dataset revealed that calmodulin-dependent kinase 2 is partially involved in vasopressin signaling. 43 Based on transcript levels, this kinase is one of the most abundant kinases in collecting duct. 47 A downstream target of this kinase is stathmin. Phosphorylation at S16 of stathmin is increased by V2R activation. 36 Interestingly, this protein is involved in microtubule stabilization, 48, 49 and phosphorylation at S16 can only be observed during formation of the mitotic spindle. 48 However, the role of V2R activation in microtubule control is still elusive, although some initial studies have been performed in cultured cells. 50, 51 Taken together, recent data indicate that V2R-dependent pathways may involve not only canonical cAMPdependent PKA activity but also, the activation of additional basophilic kinases and downstream mediators.
V2R-DEPENDENT MAPK SIGNALING
It has been speculated for a long time that vasopressin may modulate MAPK and cyclin-dependent kinase signaling. However, until recently, the role of V2R signaling in MAPK activation remained elusive, which changed with a recent systems biology study using highthroughput quantitative phosphoproteomic analyses after V2R activation in mpkCCD cells. 36 V2R stimulation causes a decrease of the activity of various MAPKs, at least under physiologic conditions. Quantitative global phosphoproteomic analyses using both native tissue, as well as mpkCCD cells, revealed that treatment with a V2R agonist caused a significant decrease in phosphorylation of proline-directed phosphorylation motifs, thereby suggesting inhibited activity of MAPKs. 43, [52] [53] [54] This effect is a quantitatively important effect. In primary cultured IMCD cells, p38 activity is decreased in response to cAMP and dDAVP. 55 Moreover, V2R stimulation in native collecting duct tissue inhibited activation and phosphorylation of ERK and c-Jun N-terminal kinase. 54 In addition, increased levels of cAMP, as well as vasopressin V2R activation, were associated with diminished phosphorylation at proline-directed phosphorylation sites in mTAL. 34 The decreased activity of MAPKs after physiologic vasopressin stimulation is also associated with decreased phosphorylation and activity of known MAPKdependent transcription factors, including activating transcription factor 2 and the tumor suppressor protein p53. 36 In addition, nuclear abundance of JunD is significantly decreased in response to dDAVP. 56 Also, phosphorylation of c-Jun in the nucleus is decreased in response to dDAVP. 57 In conclusion, all of these studies suggest an important but ill-defined role for V2R-dependent modulation of MAPK signaling in the renal epithelium.
Interestingly, a different effect is observed in cells derived from ADPKD cysts, which may suggest a critical phenotypical switch in PKD (Figure 2) . In contrast to wild-type collecting duct cells, stimulation of cyst-derived cells with vasopressin at a supraphysiological dose resulted in markedly increased ERK phosphorylation. 58 These data are consistent with studies in undifferentiated human embryonic kidney cells expressing transfected V2R. 59 ERK activation is known to be a key player in proliferating epithelia. 56 Most importantly, basal cAMP levels are not elevated in rodent models of ADPKD. 60 However, the molecular correlate for this switch is not yet entirely identified and may require additional proteomics studies. Currently, there is evidence that decreased intracellular calcium is partly responsible for this switch and that the elevation of calcium within cystic cells leads to a normalized proliferation response in response to cAMP. 58, 61 In addition, a Ca-dependent modulation of cAMP signaling may involve different isoforms of adenylate cyclases 1, 2, 3, and 6 and phosphodiesterases. [61] [62] [63] 
V2R-DEPENDENT SIGNALING PATHWAYS ARE INVOLVED IN CONTROLLING APOPTOSIS AND PROLIFERATION
Several of the recently described canonical and noncanonical V2R signaling pathways may have essential roles in not only the regulation of cell proliferation but also, the assurance of cell survival and the prevention of apoptosis in vivo. Mice with a genetic deletion of the gene encoding for the water channel AQP1, which is predominantly expressed in the proximal nephron and essential for generating the countercurrent gradient by significantly increasing water permeability in the thin descending limb of Henle, 64 show an altered proliferation rate of tubular cells in response to vasopressin. 65 Furthermore, a recent phosphoproteomic study in vasopressinresponsive native tubular cells revealed that already short-term vasopressin leads to a slight decrease of cleaved caspases. 53 This study also confirmed decreased activity of MAPKs in response to vasopressin. Interestingly, studies in cell culture as well as native IMCD cells revealed a PKA-dependent phosphorylation of the proapoptotic Bcl2 family member Bcl2-agonist of cell death at three PKA sites (S112, S136, and S155). 53 Phosphorylation at these residues within the BH3 domain is believed to reduce the cellular driving force for apoptosis through control of the release of Bcl2. 66 In addition, Stat5a phosphorylation is increased by V2R activation at the activating site Ser779. 53 Stat5a is known to increase Bcl2 expression. One recent study found a net decrease in apoptosis rates by even physiologic concentrations of vasopressin in cell culture systems. 67 Interestingly, in polycystic Han:SPRD rats, expression of Bcl-XL is decreased, whereas Bcl-2 seems to be suppressed, suggesting a deregulation of apoptosis. 68 Finally, phosphorylation of Akt at an activating site is increased by activation of the Vasopressin-V2R receptor, which was shown in isolated IMCD tubules. 54 This mechanism may contribute to a direct antiapoptotic effect of vasopressin response.
V2R-DEPENDENT MODULATION OF MEMBERS OF THE CANONICAL WNT SIGNALING PATHWAY
One of the unanticipated findings in a number of quantitative phosphoproteomic studies analyzing V2R-dependent signaling was an increased phosphorylation of b-catenin at S552. b-Catenin is a well studied protein and an essential mediator of the highly conserved canonical Wnt signaling pathway. 42 Deregulated Wnt signaling has been implicated in the pathogenesis of cystic kidney diseases in numerous studies. 69 Induced phosphorylation of b-catenin at S552 was consistently found in a variety of vasopressin-responsive tissues, including whole-inner medullary lysates of Brattleboro rats, 70 preparations of rat IMCD tubules 53 as well as rat mTAL tubules, 41 and mpkCCD cells. 43 This phosphorylation site is a typical basophilic phosphorylation site, and it is phosphorylated by PKA, leading to the intriguing hypothesis that canonical V2R signaling may be interconnected with Wnt signaling. 71 S552 phosphorylation mediates interaction between b-catenin and TCF, 72 which has potential impact on gene expression controlling growth and proliferation of cells. 73 In fact, pharmacological inhibition of PKA was shown to inhibit phosphorylation at this site. 70 Moreover, b-catenin accumulated in the nucleus of cells stimulated with vasopressin, which was revealed by a recent proteomic study. 74 In this study, 3987 proteins were analyzed and quantified using stable isotope labeling by amino acids in the nucleus in the absence and presence of vasopressin in mpkCCD cells. b-Catenin (specifically, its phosphorylated form) was among the proteins with the highest nuclear trafficking rate in response to vasopressin. In addition, GSK3b, another member of the Wnt signaling system, is also connected to vasopressin signaling. Knockdown of the kinase resulted in diminished cAMP levels and reduced urinary concentration ability. 75 Thus, an increased activity of this kinase, which may be observed in cystic epithelia, may, therefore, even be involved in the modulation of cAMP response.
BENEFITS OF V2R ANTAGONISM -WHAT ARE THE CRUCIAL COMPONENTS?
V2R blockade, as well as water loading, lead to polyuria and thus, an altered tubular flow rate. Thus, it is conceivable that flow-dependent effects transmitted through the stimulation of various ciliadependent pathways, such as suppression of mTor signaling, 76 might be involved in the beneficial effect of V2R antagonists. The results obtained in PKD models could be further complicated by the fact that V2R may be missorted to the apical surface of the tubular cells. 77 However, the V2R antagonist-mediated flow increase would most likely be in the very distal section of the collecting duct (in the IMCD). Most cysts, however, do not originate from this segment. There would also be no beneficial effect on larger cyst populations, which are no longer connected to the tubular system; however, this result seems to be likely. Future studies need, therefore, to address the issue of water consumption compared with V2R signaling alone to assess any potential benefit in treating ADPKD patients.
CONCLUSION
Recent exciting evidence has shown that V2R activation contributes to the progression of kidney failure in ADPKD patients. More importantly, pharmacological antagonism of V2R signaling is now emerging as the most promising way to treat ADPKD. 1, 2 The inhibition of V2R in vivo slows down cyst growth and preserves kidney function. Progress has been made to describe the pathophysiological feedback loops in the vasopressin system in ADPKD patients. Now, it is time to go back to the bench. Much of the beneficial effect may be not only attributed to classic canonical V2R signaling but also, the result of previously ill-described modulation of signaling pathways. Important questions should now be addressed. What are the signaling networks that are affected on V2R inhibition in ADPKD patients? What are the molecular components of the phenotypical switch in response to cAMP? We believe that modification of noncanonical pathways, such as the Wnt signaling system, is highly conceivable and that the concept of using V2R inhibition can be even more powerful if we identified these noncanonical V2R-dependent pathways.
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